Abstract Soil aquifer treatment (SAT) is a promising technique for wastewater reclamation and reuse. This treatment strategy takes advantage of physicochemical and biological processes in the subsurface. The model employed in this study is based on MODFLOW-SURFACT (HydroGeoLogic, Inc.), a threedimensional model for variably saturated flow and reactive mass transport. The model accounts for reactions including the nitrification of ammonium, the denitrification of nitrate, and the oxidation of organic carbon. Concentration of dissolved oxygen and biomasses involved in aerobic and anaerobic biological reactions forms the basis for estimates of nonlinear reaction rates formulated using a multiple-Monod expression. Illustrative simulations were conducted in a two-dimensional cross-sectional domain, with unsaturated and saturated zones. They examine the effects that site and operational conditions have on the performance of a SAT system. The parameters and conditions of concern included length of the wet/dry cycle, ground surface condition, and infiltration rate. From the simulations, we found that organic carbon was effectively removed in all cases. The availability of oxygen was a key factor in predicting the production and removal of nitrate. Overall, the model successfully described the fate and transport of the key constituents during the wet/dry operational periods in both unsaturated and saturated subsurface.
Introduction
Soil Aquifer Treatment (SAT) is a technology for water reuse in which the secondary or tertiary treated wastewater percolates through the unconfined or confined aquifer using various physical or biochemical soil processes. A major concern in SAT systems is the fate and transport of organic compounds during the infiltration of treated wastewater to the groundwater. A secondary concern is the nitrogen species that include ammonium and nitrate (NCSWS, 2001) . Few mathematical models exist to simulate SAT processes. Models previously developed to aid the optimal operation and design of SAT systems are limited to one-dimension and neglect oxygen transport in the gas phase in the unsaturated zone. The objective of this study is to develop a multi-dimensional SAT model that can be used to evaluate factors affecting the performance of SAT systems: (1) characteristics of the treated wastewater, which is the source water in a SAT system, (2) physical characteristics of the aquifer, and (3) features of operational cycle which includes both wet and dry periods. The model accounts for reactions including the nitrification of ammonium ion, the denitrification of nitrate, and the oxidation of organic carbon in variable saturated porous media. Concentrations of dissolved oxygen and biomasses involved in aerobic and anaerobic biological reactions are taken into consideration to precisely estimate the nonlinear reaction rates formulated using a multiple-Monod expression.
Model development
The governing equation for variably saturated groundwater flow in a three-dimensional, non-deforming porous medium can be expressed by a modified form of Richards' equation (Huyakorn et al., 1984; MacQuarrie and Sudicky, 2001) :
where, x i and x j is the distance along the i and j axis, respectively, L; K ij is the saturated hydraulic conductivity tensor, LT -1 ; k rw is the relative permeability of the medium, which is a function of S ew ; ψ is the capillary pressure head (= ψ(x i ,t)), L; z is the elevation above an arbitrary datum, L; q n is the source term which accounts for the flooding on the surface, T -1 ; S ew is the effective water saturation ratio; S s is the specific storage coefficient, L -1 ; θ s is the saturated moisture content.
The three-dimensional partial differential equation describing the transport of contaminant n in a variably saturated porous medium can be written as: (2) where, θ w is the water content (if the porous medium is saturated, the water content is equal to porosity); θ g is the air content of the porous medium; ρ b is the bulk density, ML -3 ; K dn is the distribution coefficient of the contaminant n, L 3 M -1 ; H n is the Henry's law coefficient; C w n is the concentration of the contaminant n in the water phase, ML -3 ; t is time, T; q i is the advective flux or volumetric flow rate per unit area, which is normal to the i axis, LT -1 ; D w ijn is the hydrodynamic diffusion coefficient tensor of the contaminant n in water phase, L 2 T -1 ; D g ijn is the hydrodynamic diffusion coefficient tensor of the contaminant n in gas phase, L 2 T -1 ; rxn n () is the chemical reaction function of the contaminant n, ML -3 T -1 ; C is the concentration vector of the contaminants related to the chemical reaction, ML -3 ; X is the biomass concentration responsible for the reaction, ML -3 ; Γ n is the source (positive) and sink (negative) term of the contaminant n without the reaction and sorption term; ML -3 T -1 .
The kinetic reaction terms are formulated employing the general form of the multipleMonod expression for the process p (Essaid et al., 1995; MacQuarrie and Sudicky, 2001) : (3) where, µ p is the growth rate of microorganism for process p, ML -3 T -1 ; k p max is the maximum primary substrate utilization rate for process p, T -1 ; X p is the biomass concentration for process p, ML -3 ; C N is the concentration of the contaminant N contributing to the reaction, ML -3 ; K N is the half-saturation constant for the contaminant N, ML -3 ; I p b ( ) is the biomass inhibition factor for process p; I p nc (C O2 ) is the optional noncompetitive inhibition factor caused by the existence of oxygen for process p; and C O2 is the concentration of oxygen, ML -3 .
The total reaction rate for species n is equal to the sum of the growth rates for all processes in which n is involved, that is: (4) where, r p n is the appropriate stoichiometric coefficient. The growth rate of a microorganism can affect the biomass concentration as substrate which is the nutrient and energy source for biomass growth. MacQuarrie and Sudicky 
where, Y p is the microbial yield coefficient for biomass X p in process p; k p d is the specific biomass decay or maintenance constant for process p, T -1 . Biofilm growth is simplified by considering an idealized biofilm composed of a homogeneous matrix of two groups of biomass, autotrophs and heterotrophs.
The chemical and biological processes are incorporated in MODFLOW-SURFACT (Hydrogeologic, Inc., 1996) . This model simulates three-dimensional, variably saturated water flow and solute transport in porous media. The flow solution considers the variably soil hydraulic properties and the transport solution accounts for diffusion in the gas phase. The code employs a block-centered finite-difference solution of the governing flow and transport equations. The Monod equations are solved using an operator splitting method.
Illustrative simulations
Illustrative simulations involved a two-dimensional cross-sectional domain (50 m × 10 m), with unsaturated and saturated zones (Figure 1 ). We use model runs to examine the effects that site and operational conditions have on the performance of a SAT system. The horizontal grid size ranges from 0.25m to 2m with refined grids around the source zone located 13m from the left boundary. The z-axis is discretized by using variable grid sizes ranging from 0.1 to 1 m. The water table is located 3m and 5m from the ground surface at the left and right boundaries, respectively, providing an ambient flow from left to right. Boundary conditions for flow are a constant head on the right and left boundaries, a no-flow for the bottom boundary, and a flux boundary on the ground surface. Transport boundary conditions are a constant concentration on the left and top boundaries (dissolved oxygen = 6.0 mg/L), a no-flux condition on the bottom, and a no diffusive flux on the right boundary. The porous medium was modeled as the Hygiene sandstone (Van Genuchten, 1980) . The transport and reaction parameters were adopted from Domenico and Schwartz (1997) and MacQuarrie and Sudicky (2001) . Temporal variations of key variables were calculated for two hypothetical observation wells located at 2 m (W1) and 4 m (W2) below the ground surface right under the source zone. Other parameters are shown in Figure 1 . Operation considers simulation for 10 complete wet/dry cycles.
In addition to the base case, the effects of the site and operational conditions on the performance of a SAT system were examined (Table 1 ). We present simulation results for wet/dry cycle, ground surface condition, and infiltration rate. In each trial, all other parameters were assumed unchanged except for the parameter of interest. Results and discussion
Base case simulation results Figure 2 shows temporal distributions of water saturation, ammonium ion, nitrate, DOC and oxygen concentrations at the hypothetical observation wells. The operational schedule with 10 cycles of 7-day wetting and 7-day drying period is obvious in both wells W1 and W2 ( Figure 2a ). As the wetting period begins, the water saturation sharply increases from an initial value, about 0.25, to about 0.8 and remains at that level during the wetting period at W1. At W2, the initial water saturation, 0.7, increases to a value of 1.0, indication of saturation during the wetting period. At W2, the variation of water saturation is smaller and smoother than that at W1, indicating that the effect of wetting and drying is dampened at W2. The system at W1 and W2 becomes biologically steady in about 3 cycles and 8 cycles, respectively. The dynamics of contaminants correlate well with the dissolved oxygen controlled by schedule of wetting and drying. DOC is almost completely removed at W2. The initially sharp rate of increase in nitrate concentration slows down after the 8th cycle and reaches about 20 mg/l at day 140. Figure 3 presents profiles of water saturation and ammonium ion, nitrate, DOC, and oxygen concentrations at 25, 50, 100, 140 days. Cycling in the source water loading affects the water saturation distribution under the source zone. The infiltrating water reaching the water table is mainly composed of nitrate indicating complete DOC removal, ammonium nitrification, and incomplete denitrification as indicated by others (Tang et al., 1996) . Thus, only the nitrate plume in the saturated zone grows continuously over time. The behavior of dissolved oxygen plume is more dynamic than other species depending on the operation stage. During the drying period, dissolved oxygen concentrations, depleted by nitrification and DOC oxidation, are replenished from the surface and by incoming groundwater from the left boundary which is assigned a constant dissolved oxygen concentration. However, the region of oxygen depletion is only partially recovered in each 7-day dry period.
Effects of field and operation conditions
Figure 4 presents profiles of water saturation and ammonium ion, nitrate, DOC and oxygen concentrations for three additional cases designed to examine the effects of field and operational conditions. When the wet period is reduced to 3 days, the nitrate plume and the zone of oxygen depletion in the saturated zone are smaller than the base case (Figure 4a) . If the ground surface is covered, oxygen cannot enter the subsurface from the atmosphere through the ground surface, except through the source zone. Therefore, the source zone becomes the only place where oxygen is supplied. The region of oxygen depletion is widely spread out in the unsaturated zone, resulting in reduced ammonium removal right under the ground surface and enhanced denitrification under the prevailing anaerobic condition. DOC is removed by denitrification rather than by oxidation using oxygen (Figure 4b) . In Case 4 when the infiltration rate is doubled to 2 m/day at the source zone, because of the high loading, a large oxygen depletion zone develops, leading to the creation of an ammonium plume, which is not observed in other cases. The nitrate plume is larger in this case than other cases because of increased spreading of infiltrating water in the unsaturated zone, However, less ammonium is transformed to nitrate because of the wide spread oxygen depletion. The denitrification was also enhanced under the anaerobic condition, resulting in reduced nitrate and DOC concentrations. The oxygen supply due to the inflow of water in the saturated zone didn't satisfy the oxygen demands exerted by the high contaminant loading.
Conclusions
Illustrative simulations using a two-dimensional cross-sectional domain, with unsaturated and saturated zones, were conducted to examine the effects that site and operational conditions have on the performance of a SAT system. Simulation results showed that organic carbon was effectively removed and that the availability of oxygen was a key factor in predicting the production and removal of nitrate. Overall, the model successfully described the fate and transport of the key constituents during the wet/dry operation periods in both 
